The interaction of chemoreflex and pulmonary inflation reflex control of the coronary circulation was examined in conscious dogs by comparing the responses to chemoreflex stimulation (intracarotid injection of nicotine) when ventilation was allowed to increase with those when ventilation was controlled. These responses were also compared with those elicited by both forced mechanical and spontaneous hyperinflation. When the heart rate was constant, intracarotidly administered nicotine induced an increase in the depth of respiration followed closely by an increase in late diastolic coronary flow from 48 ± 2 to 106 ± 8 ml/min and a reduction in late diastolic coronary resistance from 1.62 ± 0.08 to 0.78 ± 0.06 mm Hg/ml min~'. After beta-receptor and cholinergic blockade, a similar coronary dilation in response to nicotine occurred only when ventilation was allowed to increase. However, when ventilation was controlled, intracarotidly administered nicotine increased coronary resistance after combined beta-receptor and cholinergic blockade. The reflex coronary dilation was not observed after carotid sinus nerve section or after alpha-receptor blockade. Thus, nicotine stimulation of the carotid chemoreflex results in a striking coronary dilation that has two components. The minor component involves a chemoreflex with its efferent pathway in the vagi. The major component of coronary dilation follows an increase in the depth of respiration, and its efferent component appears to involve withdrawal of alpha-adrenergic constrictor tone. An almost identical period of reflex coronary dilation followed either forced mechanical or spontaneous hyperinflation in the conscious dog.
• Nicotine is a pharmacologic agent with complex cardiovascular effects, including stimulation of chemoreceptors and activation of chemoreflexes (1, 2) . When ventilation increases consequent to stimulation of the chemoreflex, the direct cardiovascular effects initiated by this reflex must be considered together with concomitant reflex effects evoked by pulmonary or thoracic stretch receptors (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . This latter aspect of reflex circulatory control has received considerable attention recently, but the extent to which it influences control of the coronary circulation is unknown. Moreover, the extent to which changes in ventilation medi-From the Department of Medicine, Harvard Medical School and Peter Bent Brigham Hospital, the Department of Cardiology, Children's Hospital Medical Center, Boston, Massachusetts 02115, and the New England Regional Primate Research Center, Southborough, Massachusetts.
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Received April 14, 1975 . Accepted for publication August 26, 1975. ated by stimulation of chemoreflexes affect the coronary circulation is virtually unknown, because most previous studies on chemoreflexes have been conducted in anesthetized animals in which ventilation has been controlled (1, 2) . Since general anesthesia affects left ventricular function, coronary circulation, and, in particular, reflex control of the circulation (13) (14) (15) , it was considered important to conduct the present study in healthy, conscious animals in which the effects of recent surgery and a general anesthetic were absent. Accordingly, the goal of this study was to examine the relative roles of pulmonary inflation and chemoreflex control of the coronary vascular bed in conscious dogs by comparing (1) the responses to intracarotid administration of nicotine when the dogs could increase ventilation and when ventilation was controlled and (2) the effects of forced mechanical hyperinflation, hyperinflation induced by chemoreflex stimulation, and, finally, spontaneous hyperinflation. To distinguish the primary coronary vascular effects from those secondary to changes in myocardial oxygen demands, alterations in left ventricular dimensions, pressures, dP/dt, and the velocity of myocardial fiber shortening as well as coronary blood flow and arterial blood pressure in response to these interactions were examined. The efferent arcs of the reflexes were investigated by comparing the responses after alpha-and beta-receptor adrenergic and cholinergic blockades, and the afferent arc was studied by comparing responses after carotid sinus nerve section and vagotomy.
Methods
Sixteen mongrel dogs (24-36 kg) were anesthetized with sodium pentobarbital (30 mg/kg, iv) . Through a thoracotomy in the fifth left intercostal space, miniature Konigsberg P22 pressure gauges were implanted within the left ventricle through a stab wound in the apex (10 dogs), ultrasonic diameter transducers' were implanted on opposing endocardial surfaces of the left ventricle (10 dogs), heparin-filled Tygon catheters were implanted in the left atrium (10 dogs), Doppler ultrasonic (14 dogs) or Statham SP2200 electromagnetic transducers (2 dogs) were placed around the left circumflex coronary artery, stimulator electrodes were sutured to the left ventricle (16 dogs), and heparin-filled Tygon catheters were chronically implanted in the thoracic aorta (16 dogs) . During a subsequent operation with sodium pentobarbital anesthesia (30 mg/kg, iv), heparin-filled Tygon catheters were implanted in one of the main carotid arteries just proximal to the carotid sinus (16 dogs).
The miniature Konigsberg P22 pressure gauges were calibrated in vivo against a calibrated Statham P23Db strain-gauge manometer. At autopsy, the position of the ventricular gauges within the ventricular cavity was confirmed. Arterial blood pressure was sampled with the previously implanted heparin-filled Tygon catheter and measured with a Statham P23Db strain-gauge manometer. Intrapleural pressure was measured in 4 dogs with an implanted catheter and a Statham P23Db transducer. Left circumflex coronary blood flow was measured with the Doppler ultrasonic flowmeter in 14 dogs. This system, which has been described in detail previously, has a reliable zero reference (16, 17) ; in these experiments, electrical zero blood flow was determined repeatedly and confirmed by calibration when the dog was killed. The relationship between velocity, as measured by the Doppler flowmeter, and volume flow is linear as long as the cross-sectional area of the blood vessel within the transducer remains constant; this linear relationship has been repeatedly demonstrated previously and confirmed by timed collections of blood flow (17) . At autopsy, we observed that the vessels had firmly adhered to the flow transducers through fibrous scars which minimized changes in the cross-sectional area of the vessel within the flow transducers. In 2 conscious dogs, a Statham SP2200 electromagnetic flowmeter was used to measure coronary blood flow. In these experiments, zero flow was determined by inflating a previously implanted hydraulic occlusive cuff.
An improved ultrasonic transit time dimension gauge 2 was used to determine left ventricular diameter (18); it measured the transit time of acoustic impulses traveling at the sonic velocity of approximately 1.5 x 10 6 mm/sec between 3-mHz piezoelectric crystals on the left ventricle at opposing endocardial sites. It was calibrated by substituting signals of known time duration from a 1 Construction details available from the authors. 2 Circuit diagrams available from the authors.
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The experiments were conducted 3 weeks to 2 months postoperatively when the dogs had recovered from surgery and were again vigorous and healthy. While the unsedated dogs were resting quietly, control records of left ventricular pressure and diameter, the time rate of change of diameter (dD/dt). i.e., the velocity of myocardial shortening, the rate of change of pressure (dP/dt), left circumflex coronary blood flow, arterial blood pressure, and heart rate were obtained. In addition, an index of the depth of respiration was obtained in four dogs by advancing a fluid-filled catheter into the intrapleural space under local anesthesia and connecting it to a Statham P23Db strain-gauge manometer. These variables were continuously recorded during all interventions.
Nicotine (0.1-0.2 Mg/kg) was administered through the intracarotid catheter. All dogs were studied in spontaneous rhythm and also with their heart rates controlled by electrical stimulation of the ventricles at a frequency slightly in excess of the spontaneous rate. Six dogs were studied after general anesthesia with sodium pentobarbital (30 mg/kg, iv). Eight dogs were also studied in the conscious state on a separate day after (1) beta-receptor blockade with propranolol (1.0-2.0 mg/kg), (2) combined beta-receptor and cholinergic (atropine, 0.2 mg/kg) blockade, or (3) addition of alpha-receptor blockade with phentolamine (1-2 mg/kg). The adequacy of beta-receptor blockade was tested with isoproterenol (1 Mg/kg, iv), that of cholinergic blockade with acetylcholine (40 Mg/kg, iv), and that of alpha-receptor blockade with norepinephrine (1 Mg/kg, iv). Eight dogs were studied during succinlycholine infusion (2 mg/kg min" 1 ) and with their respiration controlled. Since these dogs were not anesthetized, care was taken not to perform any intervention or experiment that was not tolerated by the conscious dogs in the absence of succinylcholine, as has been done previously in conscious rabbits (19, 20) . The dogs were intubated in the present study after the larynx had been sprayed thoroughly with a topical anesthetic (Cetacaine, Cetylite Industries, Inc.). Ventilation was controlled by a respirator as is done routinely in conscious patients. Intracarotid administration of nicotine was repeated after autonomic blockades in the dogs with their ventilation controlled during succinylcholine infusion; these experiments were all tolerated well by the conscious dogs when their breathing was spontaneous. In eight dogs with their ventilation controlled during succinylcholine infusion, the increases in the rate and the depth of respiration following intracarotid administration of nicotine that occurred during spontaneous ventilation were simulated by tripling the volume of the Harvard respirator to induce two pulses of pulmonary hyperinflation. The effects of pulmonary hyperinflation were examined after autonomic blockades as well. The effects of intracarotid administration of nicotine and increased ventilation were examined 3 days after carotid sinus nerve section in five dogs and the following day after bilateral vagotomy in six other dogs. The carotid sinus nerves were sectioned under sodium pentobarbital anesthesia (30 mg/kg, iv). The vagi were sectioned under general anesthesia with sodium thiamylal (10 mg/kg, iv). In all of these experiments, arterial blood gases were measured with a Radiometer blood gas analyzer. Finally, six of the dogs in this study were examined during spontaneous deep breaths.
Data were recorded on a multichannel tape recorder and played back on a direct-writing oscillograph at a paper speed of 100 mm/sec. A cardiotachometer, triggered by the signal from the pressure pulse, provided instantaneous and continuous records of heart rate. Electronic resistance-capacitance filters with 2-second time constants were used to derive mean arterial blood pressure and mean left circumflex coronary blood flow. Mean and late diastolic coronary vascular resistances were calculated as the quotients of mean and late diastolic arterial blood pressures and coronary blood flows, respectively. Although both mean and late diastolic coronary resistances were calculated, only late diastolic values are presented in detail. In all cases, the changes in mean coronary values were not different from those of late diastolic values. Continuous records of dP/dt and dD/dt were derived from the left ventricular pressure and diameter signals, using Philbrick operational amplifiers connected as differentiators having frequency responses of 60 and 30 Hz, respectively. A triangular wave signal with a known slope (rate of change) was substituted for pressure and diameter signals to calibrate the dP/dt and dD/dt channels directly.
The effects of interventions on myocardial forcevelocity relationships were assessed by determining the changes in the velocity of shortening and the intraventricular pressure at an identical ventricular diameter (isolength point) by a technique described in detail previously (13. 21, 22) . All isolength points were obtained during the first one-third of ejection. In addition, the effects on peak dP/dt and the quotient of dP/dt and developed pressure (left ventricular isovolumic pressure minus left ventricular end-diastolic pressure), i.e., (dP/ dt)/P. were examined. The same level of developed pressure which occurred during isometric contraction, before and after each intervention, was used for this calculation, and dP/dt and developed pressure (P) were determined at that level of pressure. This technique for evaluating the myocardial contractile state has also been described in detail previously (13. 22, 23) . Average values ± SE were calculated. Control and response values were compared in the same dogs by using a paired i-test (24) .
Results
Intracarotid administration of nicotine elicited an increase in the depth of respiration ( Fig. 1 ) followed shortly by a biphasic cardiovascular response ( Fig. 2 ). The first phase (termed the peak coronary response) involved an increase in coronary blood flow and a reduction in coronary resistance and occurred with small changes in left ventricular pressures, dimensions, and contractility ( Fig. 3 ). The second phase (termed the peak systemic response) involved greater cardiac and systemic changes and less important coronary vascular effects. The first phase, which encompassed the reflex coronary effects, will be discussed in detail. During the peak coronary response, arterial blood gases changed slightly: oxygen tension (Po 2 ) rose from 82 ± 3 to 86 ± 3 mm Hg, carbon dioxide tension (Pco 2 ) fell from 38 ± 2 to 31 ± 2 mm Hg, and pH rose from 7.41 ± 0.04 to 7.45 ± 0.05. The first phase of peak coronary dilation was not significantly different whether heart rate varied or was maintained constant. Accordingly, all results that are presented were collected when heart rate was maintained constant. The left ventricular effects that occurred during the peak coronary response are presented in Figure 3 and are discussed in the Results only when the changes are significant.
EFFECTS OF INTRACAROTID ADMINISTRATION OF NICOTINE IN CONSCIOUS DOGS WITH SPONTANEOUS VENTILATION
Normal Conscious Dogs (N = 70).-With heart rate maintained constant at 107 ± 4 beats/min, immediately following hyperinflation late diastolic left circumflex coronary blood flow rose from a control value of 48 ± 2 to 106 ± 8 ml/min (P < 0.01) and late diastolic coronary resistance fell from 1.62 ± 0.08 to 0.78 ± 0.06 mm Hg/ml min"' (P < 0.01). Late diastolic arterial blood pressure fell slightly but not significantly. Left ventricular enddiastolic pressure and diameter, end-systolic diameter, dP/dt, (dP/dt)/P, and velocity did not change significantly.
Conscious Dogs with Beta-Receptor Blockade (N = 8).-With heart rate maintained constant at 109 ± 4 beats/min, the increases in mean and late diastolic coronary blood flows and the reductions in mean and late diastolic coronary resistances with beta-receptor blockade were significant (P < 0.01); moreover, they were not significantly different from those occurring in conscious dogs without beta-receptor blockade ( Fig. 4) . Thus, the coronary dilation cannot be attributed to direct stimulation of coronary vascular beta receptors; it is also not secondary to increases in contractility.
Conscious Dogs with Beta-Receptor and Cholinergic Blockade (N = 8).-With heart rate maintained constant at 184 ± 8 beats/min (due to the higher control heart rate after atropine administration), late diastolic coronary blood flow (66 ± 2 ml/min) was elevated and late diastolic coronary resistance was decreased (1.34 ± 0.09 mm Hg/ml min" 1 ) relative to the preatropine base-line levels. After intracarotid administration of nicotine and the accompanying hyperinflation, late diastolic coronary blood flow rose to 109 ± 8 ml/min (P < 0.01) and late diastolic coronary resistance fell to 0.85 ± 0.09 mm Hg/ml min" 1 (P < 0.01), values which were not significantly different from those attained without cholinergic blockade ( Fig. 4 ). 
Effects of intracarotid administration (i.e.) of nicotine (NIC) in a conscious dog with spontaneous rhythm (left section) on mean arterial blood pressure, phasic and mean coronary blood flows, intrapleural pressure, heart rate, and calculated coronary resistance. Intracarotid administration of nicotine elicited a striking increase in coronary flow and a reduction in coronary resistance immediately following an increase in the depth of respiration (indicated by the change in intrapleural pressure). The effects of a spontaneous deep breath in the same conscious dog are shown in the second section. The effects of the same dose (third section) and a much larger dose of intracarotidly administered nicotine (fourth section) in the same dog are also shown after general anesthesia had been induced with sodium pentobarbital. Note that a spontaneous deep breath elicited a period of coronary dilation similar to that which occurred with intracarotidly administered nicotine in the conscious state but that nicotine administered in the anesthetized dog did not evoke a substantial change in either respiration or coronary uasodilation.
However, control values prior to nicotine administration for coronary blood flow and resistance were significantly different from those without cholinergic blockade. Thus, the coronary dilation following intracarotid administration of nicotine cannot be attributed to cholinergic activation, although a small component cannot be excluded. (N = 8 ).-Heart rate was maintained constant at 147 ± 6 beats/min. In contrast to the experiments in the absence of alpha-receptor blockade, mean and late diastolic coronary blood flows and resistances did not change significantly following intracarotid administration of nicotine and the accompanying hyperinflation ( Fig. 4) . Thus, the coronary dilation following intracarotidly administered nicotine in the conscious dog is primarily due to withdrawal of alpha-adrenergic tone.
Conscious Dogs with Alpha-and Beta-Receptor and Cholinergic Blockade
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EFFECTS OF INTRACAROTID ADMINISTRATION OF NICOTINE IN CONSCIOUS DOGS WITH VENTILATION CONTROLLED
Conscious Dogs without Autonomic Blockade (N = 7).-With heart rate constant at 122 ± 4 beats/min, intracarotid administration of nicotine increased late diastolic arterial blood pressure from 95 ± 4 to 123 ± 7 mm Hg (P < 0.01) and late diastolic coronary blood flow from 42 ± 4 to 73 ± 7 ml/min (P < 0.01) and reduced late diastolic coronary resistance from 2.37 ± 0.21 to 1.78 ± 0.12 mm Hg/ml min" 1 (P < 0.01). This. response differed from that when ventilation varied in that the reduction in coronary resistance was less (P < 0.01); moreover it was associated with significant increases in arterial blood pressure and myocardial contractility.
Conscious Effects of intracarotid administration (i.e.) of nicotine (NIC) in a conscious dog with spontaneous ventilation and with heart rate held constant {center section) on left ventricular (LV) diameter and pressure, dPIdt, heart rate, mean arterial blood pressure, phasic and mean coronary blood flows, and calculated mean coronary resistance. Note that the peak coronary dilation {noted by the arrows) occurred without substantial changes in left ventricular function. Wave forms at rapid paper speed during the peak coronary response {right section) can be contrasted with those during the control period {left section). caused a similar increase in late diastolic arterial blood pressure, but late diastolic coronary blood flow rose only from 37 ± 3 to 58 ± 7 ml/min and late diastolic coronary resistance fell only from 2.78 ± 0.14 to 2.38 ± 0.21 mm Hg/ml min" 1 (P < 0.01) ( Table 1) ; this reduction in coronary resistance was significantly less (P < 0.01) than that which occurred without beta-receptor blockade. Thus, in contrast to the results when ventilation varied, with ventilation controlled, beta-receptor blockade attenuated the coronary dilation, which was due in part to the concomitant inotropic effect.
Conscious Dogs with Beta-Receptor and Cholinergic Blockade (N = 6).-With heart rate constant at 180 ± 6 beats/min, intracarotid administration of nicotine caused a similar increase in late diastolic arterial blood pressure but increased late diastolic coronary blood flow only from 46 ± 3 to 49 ± 3 ml/min and increased instead of decreased late diastolic coronary resistance from 2.41 ± 0.13 to 2.73 ± 0.23 mm Hg/ml min" 1 (P < 0.05) in dogs with both beta-receptor and cholinergic blockade (Table 1) . Thus, when ventilation was controlled, a small cholinergic component to the reflex dilation, which was blocked with atropine, could be identified.
EFFECTS OF INTRACAROTID ADMINISTRATION OF NICOTINE IN ANESTHETIZED DOGS (N = 6)
When the same dose of nicotine was administered intracarotidly to the dogs after general anesthesia had been induced with sodium pentobarbital with respiration controlled and heart rate constant at 145 ± 6 beats/min, no significant change in coronary resistance was observed. Even when fifty times the dose of nicotine was administered, only a slight coronary dilation was observed ( Fig. 1) . Thus, anesthesia interferes with reflex coronary dilation due to chemoreceptor stimulation, since the general anesthetic depresses respiratory drive; with respiration controlled, the afferent input from the pulmonary inflation or the thoracic wall receptors is eliminated. (N = 8 ).-Heart rate was maintained constant at 122 ± 5 beats/min. Mean and late diastolic arterial blood pressures fell slightly; late diastolic pressure fell by 6 ± 1 mm Hg from 92 ± 5 mm Hg. Left ventricular systolic pressure fell by a similar amount, but left ventricular end-diastolic pressure remained at the control level. Left ventricular end-diastolic diameter was also at the control level, but left ventricular endsystolic diameter fell by 0.6 ± 0 . 1 mm from a control value of 25.9 ± 0.9 mm (Fig. 3 ). Peak dP/dt and (dP/dt)/P were not significantly different from control.
EFFECTS OF MECHANICAL HYPERINFLATION

Peak Coronary Effects in Conscious Dogs without Autonomic Blockade
Mean and late diastolic coronary blood flows rose, and mean and late diastolic coronary resistances fell (Fig. 5 ). Late diastolic coronary blood flow increased from 45 ± 3 to 69 ± 4 ml/min (P < 0.01), and late diastolic coronary resistance fell from 2.09 ± 0.19 to 1.29 ± 0.14 mm Hg/ml min" 1 (P < 0.01). The coronary vascular response was similar to that observed with intracarotid administration of nicotine in conscious dogs with spontaneous ventilation. 
Effects of autonomic blockades on coronary resistance changes in response to intracarotid administration (i.e.) of nicotine (NIC) in conscious dogs breathing spontaneously (left) and to mechanical hyperinflation (f VENT) in conscious dogs during succinylcholine infusion (right). Only the responses after alphareceptor blockade (hexagons) were not significantly different;
all other responses were significant (P < 0.01) as denoted by the asterisks.
Peak Coronary Effects following Beta-Receptor and Cholinergic Blockade (N = 6).-Heart rate was maintained constant at 184 ± 12 beats/min. The decreases in mean and late diastolic arterial and left ventricular systolic blood pressures were similar to those that occurred without blockade. Left ventricular end-diastolic pressure, left ventricular end-diastolic and end-systolic diameters, peak dP/ dt, and (dP/dt)/P did not change significantly.
Late diastolic coronary blood flow rose from 64 ± 4 to 87 ± 9 ml/min (P < 0.01), and late diastolic coronary resistance fell from 1.49 ± 0.15 to 1.03 ± 0.13 mm Hg/ml min" 1 (P < 0.01) ( Fig. 4 ). Mean coronary blood flow and resistance changed similarly. Thus, although intracarotid administration of nicotine did not elicit coronary dilation in this situation, i.e., after beta-receptor and cholinergic blockades and with ventilation controlled, mechanical hyperventilation did, a finding which strengthens the argument suggesting that the primary coronary vasodilation with intracarotidly administered nicotine is due to the input from lung inflation or thoracic wall stretch receptors rather than to the chemoreceptor input to the central nervous system.
Peak Coronary Effects following Alpha-and Beta-Receptor and Cholinergic Blockades (N = 6).-Heart rate was maintained constant at 184 ± 12 beats/min. Mean and late diastolic and left ventricular systolic blood pressures fell slightly, but left ventricular diameters and end-diastolic pressure, peak dP/dt, and (dP/dt)/P did not change significantly.
In contrast to the experiments without alphareceptor blockade, late diastolic coronary blood flow did not rise significantly, although mean late diastolic coronary resistance fell slightly but not significantly from 1.51 ± 0.19 to 1.41 ± 0.21 mm Hg/ml min~' (Fig. 4) . As occurred with intracarotidly administered nicotine, the reflex coronary dilation following mechanical hyperinflation could be abolished by alpha-receptor blockade. Thus, it appears that the reflex coronary dilation following mechanical hyperinflation is due to release of alpha-adrenergic tone as is the response following the hyperinflation due to intracarotidly administered nicotine.
EFFECTS OF SPONTANEOUS HYPERINFLATION (N = 6)
Spontaneous deep breaths in conscious resting dogs decreased late diastolic arterial blood pressure from 80 ± 3 to 72 ± 3 mm Hg, increased diastolic arterial blood flow from 47 ± 3 to 97 ± 5 ml/min, and reduced late diastolic coronary resistance from 1.73 ± 0.10 to 0.75 ± 0.05 mm Hg/ml min"'. This coronary dilation occurred whether heart rate was held constant or was allowed to vary ( Fig. 1) . Thus, an important degree of reflex coronary vasodilation can be elicited in a physiological situation, i.e., spontaneous hyperinflation.
EFFECTS OF DEAFFERENTATION
Carotid Sinus Nerve Section (N = 5).-After recovery from carotid sinus nerve section, in-tracarotidly administered nicotine produced no detectable effects. However, mechanical hyperinflation still reduced late diastolic coronary resistance from 1.96 ± 0.15 to 1.17 ± 0.13 mm Hg/ml min"'.
Bilateral Vagotomy and Beta-Receptor Blockade (N = 6).-After recovery from bilateral vagotomy, intracarotidly administered nicotine still induced hyperinflation and subsequent coronary dilation. With heart rate constant at 178 ± 8 beats/min, late diastolic coronary blood flow rose from 58 ± 4 to 90 ± 5 ml/min and late diastolic coronary resistance fell from 1.65 ± 0.09 to 1.28 ± 0.10 mm Hg/ml min" 1 ( Table 1) following nicotine administration. These changes were significant (P < 0.05), but they were significantly less (P < 0.01) than those that occurred in the intact dogs breathing spontaneously, i.e., where coronary blood flow rose from 47 to 104 ml/min and resistance fell from 1.74 to 0.87 mm Hg/ml min"'.
Mechanical hyperinflation in these dogs still produced coronary dilation; late diastolic coronary blood flow rose from 56 ± 3 to 85 ± 5 ml/min and late diastolic coronary resistance fell from 1.88 ± 0.11 to 1.18 ± 0.12 mm Hg/ml min" 1 ( Table 1) . These changes were significant (P < 0.05), but the increases in coronary blood flow and the reductions in coronary resistance were significantly less than those that occurred in conscious dogs with their vagi intact. Thus, the afferent arc of the reflex coronary vasodilation does not involve only the vagi. All values are means ± SE. * Change from control was significant (P < 0.01). t Change from control was significant (P < 0.05). £ Response to intracarotid administration of nicotine with controlled ventilation was significantly different (P < 0.01) from that with spontaneous ventilation.
§ Response of coronary resistance to intracarotid administration of nicotine was significantly different from that occurring with spontaneous ventilation after only /3-receptor blockade (P < 0.01). Effects of mechanical hyperinflation (] VENT) on left ventricular (LV) diameters and pressures, dP/dt, heart rate, mean arterial blood pressure, phasic and mean coronary blood flows, and calculated mean coronary resistance in a dog with ventilation controlled during succinylcholine infusion. With heart rate held constant, an increase in ventilation resulted in a marked coronary dilation without a substantial effect on left ventricular function as had occurred with intracarotid administration of nicotine and also after a spontaneous deep breath {Fig. 1).
Bilateral Vagotomy and Carotid Sinus Nerve
Section.-Mechanical hyperinflation still decreased coronary resistance by an amount similar to that which occurred with vagotomy alone; the effects of intracarotid administration of nicotine were abolished.
Discussion
The most impressive response to intracarotidly administered nicotine was the striking coronary dilation that occurred. Since the maximum coronary dilation occurred prior to any major changes in left ventricular pressure or dimensions or myocardial contractility and with heart rate held constant, it was not secondary to changes in myocardial oxygen demands. The coronary dilation could not be attributed to hypoxemia or hypercapnea, since slight increases in Po 2 and decreases in Circulation Research, Vol. 37, November 1975 Pco 2 were observed. Since intracarotidly administered nicotine elicited no detectable cardiovascular effect after carotid sinus nerve section, the coronary dilation could not have been due to a direct effect of the drug either on the coronary vasculature or on the central nervous system. Since the maximum coronary dilation occurred rapidly and could be prevented by either prior carotid sinus nerve section or alpha-receptor blockade, we feel that the coronary dilation was reflex in origin. It must be recognized that these experiments were conducted in conscious dogs in which the response to intracarotidly administered nicotine involved a substantial increase in the depth of respiration through chemoreflex stimulation. Accordingly, abolition of the reflex coronary dilation by sectioning the carotid sinus nerves did not prove whether the coronary dilation was provoked by the afferent input to the central nervous system from the primary receptor (carotid body) or from a secondary source, e.g., pulmonary or thoracic wall receptors.
Coronary vasodilation induced by chemoreflex stimulation has been reported by Hackett et al (2) in anesthetized animals with their ventilation controlled. Since the efferent arc of that reflex involves vagally mediated coronary dilation (2, 25) and since the major fraction of the coronary dilation observed in the present study in the dogs with spontaneous ventilation remained after cholinergic blockade, it appears that the coronary dilation may result from activation of another reflex pathway. The coronary dilation that occurred after intracarotid administration of nicotine in the present study closely followed the abrupt increase in the depth of ventilation, suggesting a relationship between the coronary vascular response and the central nervous system input from the pulmonary inflation afferents (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) .
To examine the role of the alteration in respiration on the coronary bed, the effects of intracarotidly administered nicotine were reexamined with ventilation controlled. At first these experiments were carried out after general anesthesia with sodium pentobarbital and with ventilation controlled. When it was observed that general anesthesia not only abolished the coronary dilation but also resulted in a blunting of every aspect of nicotine's action (Fig. 1) , further experiments were conducted in unanesthetized dogs with their ventilation controlled via succinylcholine infusion. Under these conditions and with heart rate constant and after beta-receptor blockade, intracarotidly administered nicotine elicited coronary dila-tion, albeit much less than that observed in dogs breathing spontaneously. This coronary dilation was different in nature from that which was observed in dogs with spontaneous ventilation, since it was associated with substantial pressor and positive inotropic responses and could be abolished by combined beta-receptor and cholinergic blockade, as has been described by Hackett et al. (2) . The major difference between the results with and without controlled ventilation was that intracarotidly administered nicotine still elicited striking coronary dilation in the presence of combined beta-receptor and cholinergic blockade in the dogs with spontaneous ventilation (Fig. 4) , in which the increased depth of ventilation always preceded the period of coronary dilation.
The role of reflex interactions in the regulation of the circulation has assumed greater importance recently (12, 19, 26) . Korner (12) and Korner et al. (19) have specifically discussed the interaction of chemoreceptor and pulmonary inflation inputs in integrative circulatory control. Likewise, in the present investigation, stimulation of the carotid chemoreflex by nicotine appears to involve two aspects of reflex coronary dilation: the first component is mediated by the chemoreflex, in which the efferent pathway involves the vagi (2, 25) , and the second, more impressive component seems to be mediated by pulmonary or thoracic wall stretch receptors, in which the efferent pathway involves withdrawal of alpha-receptor adrenergic tone. In the conscious dog when ventilation is allowed to vary, the second aspect appears to be dominant, since cholinergic blockade has little effect on this aspect of reflex coronary dilation.
Although the dogs with beta-receptor and cholinergic blockade and with their ventilation controlled failed to respond to intracarotidly administered nicotine with coronary dilation, the reflex coronary dilation could still be elicited with mechanical hyperinflation of the lungs. Immediately after the volume of the respirator was increased, a striking period of coronary dilation was observed, again not associated with substantial changes in left ventricular function or myocardial contractility. This reflex coronary dilation was also eliminated by alpha-receptor blockade, further strengthening the comparison with the reflex coronary dilation observed with intracarotidly administered nicotine. Another important aspect of these experiments is that intrapleural pressure increased rather than decreased, as had occurred with the hyperinflation following intracarotid nicotine administration. This fact indicates that the coronary dilation was not due to a relative change in intracardiac pressures resulting from the change in intrapleural pressure but rather was due to the reflex withdrawal of alpha-adrenergic tone.
Although many aspects of reflex coronary control have been described in a variety of animal preparations (2, 27) , whether reflexes play a role in the regulation of the coronary circulation under more physiological circumstances remains to be determined. It is therefore important to point out that an almost identical period of coronary dilation was routinely found in the conscious dog following a deep breath (Fig. 1 ). This period of coronary dilation like those following intracarotid administration of nicotine or forced hyperventilation also occurred when the heart rate was constant and was not associated with major changes in left ventricular function or myocardial contractility.
There is one major difficulty in concluding that the reflex dilation observed following a change in ventilation is due to the lung inflation reflex. It relates to the finding that the lung inflation reflexes previously described involve vagal afferents; the reflex coronary dilation observed in the present study, although attenuated, remained after vagotomy. It is important to note that Glick et al. (7) have observed that systemic responses to inflation of the lungs are not entirely abolished by vagotomy. It is possible that part of the reflex is mediated through a spinal pathway. Recently, several studies have demonstrated spinal afferent reflexes with sympathetic afferent and efferent pathways (28, 29) . Moreover, Holmes and Torrance (30) have observed afferent fibers passing through the stellate ganglion to the spinal cord, which can be stimulated by pulmonary inflation (30) . These observations are compatible with the findings in the present study.
In conclusion, the results of the present study propose a new aspect of reflex coronary control in conscious animals. Nicotine stimulation of the carotid chemoreflex results in striking coronary dilation. There are two components to this dilation. The minor component involves the chemoreflex and its efferent pathway involves the vagus. The major component of the coronary dilation follows an increase in the depth of respiration; its efferent component appears to involve withdrawal of alphareceptor adrenergic constrictor tone. An almost identical period of reflex coronary dilation follows forced or spontaneous hyperinflation in the conscious dog. Thus, reflex coronary dilation following hyperinflation is an important feature of the control of the coronary circulation, which can be Circulation Research, Vol. 37, November 1975 demonstrated not only under controlled laboratory conditions but also in normal conscious dogs following a spontaneous deep breath.
